ABSTRACT: A new family of pseudopeptidic macrocyclic compounds has been prepared involving an anion-templated amide bond formation reaction at the macrocyclization step. Chloride anion was found to be the most efficient template in the macrocyclization process, producing improved macrocyclization yields with regard to the nontemplated reaction. The data suggest a kinetic effect of the chloride template, providing an appropriate folded conformation of the openchain precursor and reducing the energy barrier for the formation of the macrocyclic product.
T he central role of anions in environmental science, biology, and medicine has motivated chemists to develop selective anion receptors. Many of these receptors are macrocycles as long as the high level of favorable preorganization allows achieving an improved selectivity and stronger interactions. 1−15 The synthesis of macrocyclic compounds is challenging and usually requires an important synthetic effort in the final macrocyclization step, which is in many instances the yield limiting step. 16 In this regard, the use of anions as templates is a promising synthetic methodology to achieve efficient macrocyclization processes; however, this approach has not been fully explored in many of these processes. 16−18 Some pioneering examples in this context include the use of anions as kinetic templates. Alcalde and co-workers described the chloride-and bromide-templated macrocyclization reactions through S N 2 reactions at the macrocyclization step, 19, 20 and Luis and co-workers reported the anion-templated macrocyclization reactions of C 2 -symmetric pseudopeptides involving S N 2 and Schiff reactions. 21−23 Similarly, Meshcheryakov et al. observed a crucial template effect of the chloride anion in the preparation of tetrameric urea macrocycles: it was not possible to isolate the macrocyclic product in the absence of chloride. 24 In the same way, Katev and co-workers proved the templating effect of anions in some macrocyclization reactions involving amide bond formation. 25 In addition, Jurczak and co-workers prepared macrocyclic structures using the chloride anion as a template. 26 The key templating role of anions has been reported by Beer and co-workers in the synthesis of interlocked structures. In this case, the templating anions are essential for the preparation of isophthalamide-based rotaxane structures in that the chloride anion provides a higher rotaxanation yield. 27, 28 Herein, we report the preparation of a novel family of macrocyclic isophthalamide-containing pseudopeptidic compounds in a macrocyclization process involving two consecutive amide bond formation reactions. The reaction involves a pseudopeptidic compound 1 21,29−31 and the isophthaloyl-Nhydroxysuccinimide-activated ester 2 32 and provides access to new isophthalamide pseudopeptidic macrocycles. This new family of compounds has been designed with consideration to the chemical structure of the pseudopeptidic macrocycles (A) previously studied by us. 21,29−31 This design involved the use of the isophthalamide motif instead of the m-xylylenediamine motif, using amide linkages to bond all building blocks (Scheme 1). This design provides macrocycles with four potentially convergent amide groups that favor interaction with anions under neutral conditions. This interaction can introduce novel properties to the macrocycles such as the formation of supramolecular ordered structures, molecular recognition, and catalysis. 33 In this context, to obtain an efficient macrocyclization yield, we have explored the kinetic templating role of anions in the macrocyclization reaction involving amide bond formation through the analysis of the macrocyclization yield in CH 2 Cl 2 . Similar effects are also present in CDCl 3 as revealed by the study of the corresponding macrocyclization reaction kinetics.
The synthesis of the target macrocyclic compounds 3 and 4 was envisaged by the reaction of the pseudopeptidic compound 1 with isophthaloyl-N-hydroxysuccinimide-activated ester 2 32 in both the absence and presence of templating anions in CH 2 Cl 2 (Scheme 2).
Initially, a significant effect of the nature of the spacer on the macrocyclization yield for the preparation of macrocycles 3a−c at a concentration of 10 mM was observed (Table 1) . For compound 1a, with a flexible ethylene diamine aliphatic spacer, both [1+1] (3a) and [2+2] (4a) macrocyclic products were isolated in the absence of any added template in 4% and 9% yields, respectively, after chromatographic purification. In contrast, for the more favorable preorganized open-chain compounds 1b (pyridine) and 1c (acridine), only the [1+1] macrocyclic product was isolated in 17% and 3% yields, respectively. These yields were enhanced using 1 equiv of templating anion (Cl Table 1 ). This observation suggests that the intramolecular macrocyclization reaction is favored over the intermolecular oligomerization processes 34, 35 in the presence of the templating anion, in particular the [1+1] process. 21, 22, 36, 37 The observed templating effect follows the order Cl − > Br − > I − , which suggests a more favorable effect of the chloride anion on the reaction intermediates of the process yielding the macrocyclic structure. This is a reflection of the stronger coordination strength of chloride due to its smaller radius and stronger Coulomb attraction due to the shorter distance to the NH groups. We isolated the macrocycle 3b in 68% yield using 10 equiv of chloride, instead of the 51% yield obtained in the presence of only 1 equiv of chloride. All of the macrocyclic compounds were obtained as pure compounds and were fully characterized by NMR and HRMS. Appropriate crystals for Xray diffraction could be obtained only for compound 3a. The corresponding structure is presented in the Supporting Information.
The kinetic role of chloride was then evaluated by following the 1 H NMR evolution with time of the macrocyclization of 1b in the presence of 1 and 10 equiv of chloride in CDCl 3 ( Figure  1 ). The use of CDCl 3 rather than CD 2 Cl 2 facilitated the analysis of the complex spectra obtained and the monitoring of most of the peaks of interest. In Figure 1 , upward arrows indicate macrocycle 3b formation and downward arrows indicate disappearance of open-chain precursor 1b and isophthaloyl-N-hydroxysuccinimide-activated ester 2. The results show a clear increase in the formation rate of macrocycle 3b with the change in concentration of chloride anion from 10 mM (1 equiv) to 100 mM (10 equiv), confirming the kinetic role of this anion in the process (Figure 2 ). 38 The good yields obtained in the presence of chloride could not be achieved by 
b Rt, 2 days. c Using 10 equiv of TBACl (100 mM) and 1b (10 mM), the [1+1] macrocyclic product 3b was isolated in 68% yield. reducing the concentration of the reactants from 10 to 1 mM in the absence of any templating anion, highlighting the synthetic benefits of the use of templates in the preparation of macrocyclic structures.
39,40
The proposed macrocyclization process comprises two steps: the first step yields the open-chain macrocyclic precursor 5b, and the second step yields the macrocycle 3b (Figure 3 ).
Focusing on the macrocyclization step, we propose that the chloride anion interacts with 5b by hydrogen bonding to the three amide groups, which are oriented in a convergent arrangement, and one hydrogen atom of the amine, which transforms into an amide group, as suggested by preliminary computational calculations using Gaussian 09 41 at the PM6 semiempirical level of theory. This provides a favorable preorganization of the linear precursor, thereby reducing the unfavorable activation entropy of the macrocyclization. Therefore, the chloride anion can play a crucial role, not only by providing an appropriately folded conformation of 5b but also by favoring the formation of the [1+1] macrocyclic product by reducing the energy barrier of the macrocyclization reaction through the strong interaction with the corresponding transition states. In this regard, the chloride−reaction intermediate complex (5b) could be unambiguously detected by ESI-MS in the macrocyclization reaction mixture (Figure 4 ).
■ CONCLUSIONS
We have successfully prepared a new family of pseudopeptidic macrocycles through an efficient chloride-templated macrocyclization reaction involving an amide bond formation. Our results demonstrate that both the presence of structural factors on the pseudopeptidic spacer, which could facilitate the preorganization of the open-chain intermediate, and the presence of templating anions, in particular the chloride anion, play a key role in favoring the macrocyclization process to selectively achieve the [1+1] macrocyclization reaction. The results obtained suggest that an efficient templating role of the chloride anion results in the corresponding [1+1] macrocyclization process being kinetically facilitated. The synthetic utility of anionic templates in amide bond formation-based macrocyclization processes can be even greater than that observed in the case of S N 2 reactions; for example, in the last case the alkylating agents provide halide anions, allowing an intrinsic template effect to occur. 21−23 Interestingly, the use of this template effect results in a 10-fold increase in the concentration of the substrates without any negative effect on the macrocyclization yield.
■ EXPERIMENTAL SECTION
NMR experiments were carried out at 500 MHz for 1 H and 125 MHz for 13 C. Chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as the internal standard. FT-IR spectra were recorded using an ATR adapter. Microanalyses were performed on an elemental analyzer equipped with an oxygen module. Mass spectra were recorded with a Q-TOF instrument. Rotatory power was determined with a digital polarimeter (Na: 589 nm). Melting points were measured using a standard apparatus and are uncorrected.
Synthesis. Isophthaloyl-N-hydroxysuccinimide-activated ester 2 32 and pseudopeptidic compounds 1a, 31 1b, 21 and 1c 29 were prepared following literature procedures. The isolated macrocyclic compounds 3 and 4 were found to have a limited solubility in CDCl 3 in the concentrations required for the NMR spectroscopic characterization; DMSO-d 6 was found to dissolve the obtained macrocyclic products in the concentrations required.
General Macrocyclization Reaction Conditions. To prepare pseudopeptidic macrocycle 3b, open-chain precursor 1b (50.0 mg, 0.149 mmol) and TBACl (41.4 mg, 0.149 mmol) were dissolved in dry CH 2 Cl 2 (10 mL) and then a solution of activated isophthalic acid 2 (53.7 mg, 0.149 mmol) in dry CH 2 Cl 2 (4.9 mL) was added to the reaction mixture to achieve a 10 mM equimolar mixture of both reactants and the template anion. The reaction mixture was stirred at room temperature under a nitrogen atmosphere for 2 days. At this time, the solvent was removed in vacuo, and the crude product was purified by silica gel column chromatography using a CH 2 Cl 2 /MeOH gradient (from 0 to 10%) to yield the expected macrocyclic product 3b as a white solid (35.3 mg, 51% yield).
1 H NMR (500 MHz, DMSO- Compound 3c was prepared using the general macrocyclization reaction conditions: 1c (150.0 mg, 0.3444 mmol), TBACl (95.7 mg, 0.3444 mmol), and 2 (124.1 mg, 0.3444 mmol) in dry CH 2 Cl 2 (34 mL). Pale yellow solid, 38% yield (73.7 mg) after silica gel column chromatography using a CH 2 Cl 2 /MeOH gradient (from 0 to 10%). Compound 3a was prepared using the general macrocyclization reaction conditions: 1a (200.0 mg, 0.7741 mmol), TBACl (215.1 mg, 0.7741 mmol), and 2 (278.9 mg, 0.7741 mmol) in dry CH 2 Cl 2 (77 mL). White solid, 17% yield (52.1 mg) after silica gel column chromatography using a CH 2 Cl 2 /MeOH gradient (from 0 to 10%). 1 1 H NMR Macrocyclization Kinetic Analysis. Bis(amino amide) 1b (1 equiv), TBACl (0, 1, or 10 equiv), and tetrakis(trimethylsilyl)-silane (0.1 equiv) were dissolved in CDCl 3 . Then, activated isophthalic acid 2 (1 equiv) in CDCl 3 was added to the reaction mixture to achieve a final concentration of 10 mM. The reaction mixture was transferred quantitatively to an NMR tube, and a 1 H NMR spectrum was acquired at different reaction times for at least 12 h at 30°C. The quantification of the signals of the product of the macrocyclization reaction and the signals corresponding to the starting reactants was carried out using the internal standard's integral, and its chemical shift was referenced to 0 ppm. X-ray Crystallography. Single crystals of 3a were obtained by slow diffusion of a layer of water on a solution of 3a in DMSO. A suitable crystal was selected and measured on a single crystal X-ray diffractometer. The crystal was kept at 200.0 K during data collection. Using Olex2, 42 Mass Spectrometry. Mass spectra were recorded on a triple quadrupole mass spectrometer by electrospray negative mode (ES−). Nitrogen was used as both the desolvation gas and the nebulizing gas at a flow of 425 and 100 L h −1 , respectively. The temperature of the source block was set to 120°C, and the desolvation temperature was set to 150°C. A capillary voltage of 3.5 and 3.3 kV was used in the positive and negative scan modes, respectively. The cone voltage was set to 20 V. The reaction was set up using equimolar amounts of pseudopeptide 1b, isophthalamide-activated compound 2, and TBACl to obtain a 10 mM concentration of each reactant in CH 2 Cl 2 at rt. Five minutes after beginning the reaction, a sample of the reaction mixture was taken and diluted 100 times with MeOH, and then the resulting solution was infused via a syringe pump directly connected to the ESI source at a flow rate of 12 μL min −1 . 
